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ABSTRACT

Water vapor in the upper troposphere has a significant impact on the climate system.
Difficulties in making accurate global measurements have led to uncertainty in under-
standing the coupling to the hydrologic cycle in the lower troposphere and to water
vapor’s role in radiative energy balance. The Microwave Limb Sounder (MLS)on the
Upper Atmosphere Research Satellite (UARS) is able to provide information on water
vapor concentration in the upper troposphere. These measurementshavegood sensitivity
and nearly global coverage. An analysis of preliminary Retrievals based on three years of
observations shows the water vapor distribution to be similar tothat measured by other
techniques and to model calculations. The emphasis here is on the time variation of the
zm;al mean as well as spectral characteristics of zonally-asymmetric propagating distur-
bances.

The primary measurements of water vapor made by the ML.S instrument were in the
stratosphere where this species acts as a conserved tracer under certain conditions. This
characteristic allows a qualitative diagnosis of preferred directions for transport by waves
as well as an understanding of transport by longer period oscillations such as the semi-
annua oscillation (SAO) in the upper stratosphere and the quasi-biennial oscillation
(QBO) in the lower stratosphere. Part of the discussion here focuses on the time variabil-
ity of the zonalmean and zonally-varying stratospheric water vapor over an approximate
19 month period beginning, in October of 1991. The. SAO isshown to be variable with a
large amplitude during the early part of the UARS mission. Comparisons with model cal-
culations Show general agreement with some differences in the amplitudeand phase of
long- term variations. Equatorial water vapor variations in the lower stratosphere suggest

the presence of meridional transport.




1. Introduction

Water vapor (H,0 ) plays several important roles in the atmosphere. In the tropo-
sphere, phase changes and radiative properties cause it to dominate processes crucia to
energy balance. Therefore, knowledge of its current and future distribution is central to
the determination and prediction of climate change. This is especialy true of the upper
troposphere where there is some controversy over Lindzen’s [ 1990] argument that
increased surface temperatures are likely to result in a decrease in H,O . Gutzler [ 1993]
reported that current uncertainty in upper tropospheric humidity (UTH) results in an
uncertainty in the upward-directed infrared radiance at the tropopause which is of the
same magnitude as the radiative change due to a doubling of carbon dioxide. Clearly, the
extent to which upper tropospheric water vapor is coupled to boundary layer convection
isimportant in studies of climate and climate change.

The upper troposphere acts as a crucia link between the surface, where many wave
variations have their origins, and the stratosphere where changes are driven mostly by
wave activity. Good examples of this are the semi-annual and quasi-biennial oscillations
(SAO and QBO) which are influenced by upward propagating planctary waves. The
detection and quantification of such waves help to complete our understanding of how
changes are forced in the stratosphere. The upper troposphere also exhibits shorter period
oscillations such as the 30- 60 day or Madden and Julian oscillation[Madden and Julian,
1994] which are driven by and indicative of interactions between convection and the cir-
culation.

Water vapor, like related quantities such as rainfal, varies on a variety of spatial and
temporal scales. This can make observations difficult to interpret. In the upper tropo-
sphere, in situ measurements provide high vertical resolution but horizontal coverage is
limited due in part to operational shortcomings of relative humidity sensors on conven-

tional radiosondes [Wade, 1994). From Other measurements such as lidar and [ oran
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tracked soundings [ Soden, et al., 1994], we know that U1 ‘H can have vertical structure of
order one kilometer, especialy in the vicinity of ice clouds which act as a vapor source
[Smith et al., 1994]. Such variability cannot be well characterized by satellites, which
offer a growing set of UTH observations. Satellites offer much greater potentia for sig-
nificant horizontal and temporal coverage and resolution. Their observations can be sepa-
rated into two categories: nadir and limb measurements. Nadir viewing instruments can
be further sub-divided according to whether they are in low or high orbit. High orbit, geo-
stationary sensors such as the GOES 6.7 um channel make possible the determination of
UTH [Soden and Bretherton, 1993, Udelhofen and Hartmann,1995] and offer excellent
(-1 0 km) horizontal resolution but limited horizontal coverage. GOES is sensitive to UTH
between 500 and 200 hPa (5.5-12 km) and therefore may not be able to distinguish
between vertical variations cm smaller scales and horizontal or temporal variations. Simi-
lar restrictions apply toH,O retrieved from the High Resolution Infrared Radiation
Sounder 2 (H IRS2) on the low altitude, polar orbiting T1 ROS satellites [Susskind, 1993].
HIRS2 observations, because of the orbit, cover the entire globe daily but the effective
horizontal resolution is less than that of GOES. Although the ficld of view (FOV)isof
order 10-50 km, retrievals have a spacing of about 250 ki {Susskind et al., 1984].

Limb sounders provide better vertical resolution than nadir sounders. The Microwave
Limb Sounder (MLS)[Barath et al., 1993] on the Upper Atmosphere Research Satellite
(IJARS) was designed to sense water vapor in the stratosphere using measurements at 1 83
GHz [Lahoz et al., 1995b]. Its 205 GHz radiometer has sensitivity to 11,0 in the upper
troposphere where the. concentration is in the range 100-300 ppmv [Read et al., 1995]. In
the polar regions, where the tropopause is low, these measurements are in the strato-
sphere. Preliminary values of water vapor retrieved using this radiometer are presented
here. While the failure of the 183 GHz radiometer in April, 1993 limits the stratospheric
H,0 data set to about 19 months, the 205 GHz radiometer has made three years of nearly

continuous measurements and continues to function. With a3 km FOV in the vertical and
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retrievals which have little degradation due to cirrus clouds, MLS provides a water vapor
data set with some advantages over those previously mentioned. There are also some dis-
advantages. Like most limb sounders, horizontal resolution in the cross-track direction is
limited by the orbital spacing and therefore by the orbital period. For MLS, there are
about 15 orbits per clay with adjacent orbits separated by about 2670 km at the equator.
Although the preliminary H,O retrievals discussed here have not yet been systematically
vaidated, Read et al. indicate that the comparison between daily MLS}I:ZO observations
and model, satellite andin situ values is quite good. Read et al. also compared horizon-
tally binned data for 3 month periods with cloud climatologies and found that the two had
similar morphologies. Elsonet al. [ 1994b] compared “synoptic” (see section 2) maps of
MLS water vapor with the GOES data described above and found the morphological
agreement to be reasonable given the significant differences in horizontal and temporal
resolution in the two data sets.

In the stratosphere, the circulation is frequently described in terms of a residual mean
circulation which, at low altitudes, consists of upwelling at low latitudes and a downward
return flow at high latitudes. Superimposed on this flow are various cycles: the QBO,
SAO and annual cycle. There have been numerous attempts to use long-lived species as
tracers of motions associated with these cycles. Two factors can complicate this process.
Different tracers often yield conflicting results and the cycles can influence one another.
A good example of this is the QBO. The circulation associated with this phenomenon is
confined to the equator and sub-tropics and is strongest between about 10 and 40 hPa
[Andrews et al., 1987], Several workers (e.g. Chipperfield and Gray, 1992) have noted
that the sign of the QBO anomaly for a particular tracer depends on the direction and sign
of the mixing ratio gradient of that tracer. A recent publication [Hasebe, 1994] finds that
ozone and aerosols do not give a consistent picture, of the QBO when compared with
model predictions.

H,0 in the stratosphere has also been used as a tracer of air motion, since at lower
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levelsit is usually conserved on time scales less than about a hundred days [Le Texier et
al., 1988]. Limb Infrared Monitor of the Stratosphere (L1 MS) observations show that the
general characteristics of the vertical distribution of H,O in the upper stratosphere are
consistent with methane acting as a source [Jones et al., 1986). Lahoz et u]., [ 1995b] have
shown that the 183 GHz radiometer on MLS provided H,0O measurements in the strato-
sphere which have, for the Version 3 data used here, a single profile precision of 5% or
better and an accuracy of 1.2 ppmv or better between 46 hPa and .46 hPa. By comparing
Version 3 retrievals with correlative data, they were able to estimate that ML.S H,O obser-
vations may be too high by about 5-2070, depending on pressure. level. This must be kept
in mind when comparing MLS observations to LIMS, as is done here. Transport in the
winter polar vortices was examined by Lahoz et al., ri9e4, 1995a]using individual verti-
cal profiles of MLS H,0 along an orbit track for selected days. Harwood et al. [ 1993]

studied transport of H,O out of the vortex to mid-latitudes. Focusing. on the equatorial

regions and sub- tropics, Carr et al., [1995] noted that MLS observations confirm a H,0
distribution generally consistent with the Brewer-Dobson circulation modulated by the
annual cycle, the SAO and the QBO. They examined the lower stratosphere (pressures
greater than 20 hPa), finding significant annual variations. Mote et a., | 1995] demon-
strated that these variations were largely due to the annual variation in tropical tropopause
temperatures which control the mixing ratio of air entering the stratosphere.

The discussion that follows is concerned with the spatial variations of MLSH,O in
the upper troposphere and stratosphere and how these variations change with time. Past
work has focused mainly on the zonal mean. We examine both the zonal mean and the
deviations from the mean. Measurements in the upper troposphere are relatively new and
unique. Their general characteristics will be compared with similar observations and with
models. Ml .S stratospheric observations will also be compared with model calculations
with emphasis on vertical displacement of 1-1,0 isosu faces. Although the results pre-

sented here are meant to serve as an overview, several periods will be examined in greater




detail.

Section 2 briefly describes the analysis used with the ML.S dataand section 3 contains
results from 3 years of upper tropospheric measurements of H,0, including model com-
parisons. Section 4 examines the stratosphere at several levels in the vertical, and com-
pares equatorial behavior with that of a2-D model and section 5 contains a discussion of

other observations and some conclusions.

2. Data analysis

The orbit of UARS causes measurements made by M1.S to progress through al local
solar times in about 36 days. In order for side- looking instruments to cover the high lati-
tudes of both hemispheres, UARS performs a 180° yaw maneuver after covering all local
times. The period between yaws is referred to as a UARS “month”. MI .S views all longi-
tudes daily although the latitudinal sampling depends on the UARS yaw state.

One way to quantify the large scale variability of a satellite data set isto use Fourier
analysis. This approach has been applied here in the time and longitude domain while
spatial binning is applied to the height and latitude domains. Elsonand Froidevaux
[ 1993] described the technique and Elsonet al. [ 1994a] applied it to ozone (O4 ) varia-
tions. Specifically, this approach starts with a coordinate system rotation which allows the
determination of Fourier transform coefficients of H,0 concentration for discrete values
of m, the longitudinal wavenumber, and o, the frequency at specific latitudes and heights.
The use of fast Fourier transforms (FFT’s) requires that data points be equally spaced in
longitude and time. Because of this and variations in the UARS orbital period, analysis
of data over extended periods of time is generally not possible. This variability is small
enough to alow the calculation of Fourier coefficients over a 7.2 day (108 orbit) period
and unless otherwise indicated, these coefficients are used here. Longer calculations (e.g.

over a UARS month) are possible only during times when the orbital period is very




slowly changing.

The Fourier transform coefficients can be used to create “synoptic” maps, i.e. a gridded
array calculated by inverting the coefficients for al longitudes at one time.. The 15 UARS
orbits per day result in a Nyquist period near 1 day at the. equator for the smaller longitu-
dinal wavenumbers (largest spatial scales) while the largest resolvable wavenumber (6,
corresponding to about 6600 km at the equator) has a dightly longer Nyquist period.
Therefore, the diurnal frequency, which couldbeimportant in the upper troposphere but
not (for H,0 ) in the stratosphere, will not be fully resolved, resulting in the possibility of
aliasing. Small spatial scale variability may cause a similar result. Despite these limita-
tions, daily maps of water vapor in the upper troposphere (and stratosphere) appear rea-
sonable [Elson et al., 1994b]. The likely reason for thisis that there does not appear to be
much power at the diurnal frequency, Udelhofen and Hartmann [ 1995] found that diurnal
amplitudes in UTH are typically only afew percent.

The results presented here consist largely of time variations in the zonally-averaged
and zonally-varying (wavenumbers 1 -6) H,0 concentration. These variations are calcu-
lated by combining all resolved frequency contributions to the inverse transform for indi-
vidual zonal harmonics. As discussed by Elson et al. [1994a], the Fourier transform
coefficients are also used to calculate the cross-spectral and power spectral density func-
tions, estimates of statistical significance in the form of « posterior probability and east-

ward and westward propagating wave variances described by Schifer 11979].

3. Upper Tropospheric Results

3a. Time evolution of zonally-averaged 11,0 .

The zonally-averaged (m=0) fluctuations of MLS H,0 at 215 hPa for the first 3 years

of measurements are shown in Fig. 1. Missing days (e.g. UARS yaw maneuvers, MLS
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field-of-view interference from the moon, platform and instrument problems) have been
omitted, resulting in gaps in this and similar figures. A great deal of day to day variability,
as well as aclear annual cycle are evident. The maximum in concentration occurs, as
expected, in the equatorial regions and its latitude tends to follow the sun with alag of
about two months. The poleward deflection of the maximum is similar in the two hemi-
spheres and reaches its extreme in February and August in the South and North respec-
tively. Maximum values are usually greatest in June, July and August, as expected from
the greater convective activity that occurs over land and the larger land mass in the North-
ern Hemisphere. A weak splitting of the maximum tends to appear in November, espe-
cially in 1991 and 1992. This is likely due to differences between eastern and western
hemispheres as described in section 5a. The largest meridional gradients occur in the sub-
tropics and there is considerable interannual variation with 1992.-1993 being wetter than
1993-1994. By "interannual variation”, we mean changes occurring on time scales longer
than a year which are not obviously associated with known phenomena.

Fig. 1 also shows calculations of zonally-averaged H,O from the National Center for
Atmospheric Research Community Climate Model (CCM?2) which has been described by
Mote [ 1995]. The averall structure of the model variations is similar to the observations
however the model tends to predict a larger increase in the maximum concentration in
July and August than is observed. This feature was noted by Soden and Bretherton1994]
in their comparison of CCM2 simulations and GOES data. Soden and Bretherton aso
suggested that the CCM2 underestimates the gradient in H,0 between the equator and
subtropics due to difficulties in simulating ascent and descent in the Hadley circulation.
Larger gradients and maxima closer to the equator in M| .S data in July and August sup-
port this conclusion. The model also predicts a maximum in the concentration which is
further north than that observed during the northern summer months. Salathé and
Chesters| 1995] and Salathé et al.[ 1995] found similar differences when comparing

TIROS Operational Vertica Sounder data with both European Centre for Medium-Range
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Forecasts analyses and Goddard Laboratory for Atmospheres General Circulation Model
simulations. In both cases, they found that, as here, observations tend to show more mois-
ture where values are large. They suggest that this is due, in part, to the convective

parameterization schemes used for analysis.

3b. Time evolution of zonally-varying H,O

Significant departures from zonal symmetry in the H,O field are also present. In
searching for waves, two competing factors influence the way data are analyzed. If oneis
searching for short (< 10 days) period waves, it is useful to examine multiple short (30
days) periods. The reason for this is that transience in longer records may obscure signals
[Salby et al., 1984]. The limited spectral resolution is not usually a serious constraint. If
longer period variations, such as the 30-60 day oscillation, are to be analyzed, good spec-
tral resolution is important and available only through the use of much longer records
[Salby and Hendon, 1994]. Because the initial stages of analysis of MLS data limit
records to about 30 days, only a few attributes of long period oscillations are evident in
the results below. Most of the discussion will focus on shorter period waves.

Fig. 2 shows the results of a calculation of Fourier coefficients over a UARS month
(Jan. 10 to Feb. 8, 1993) at215 hPa. This time period was chosen because the slow varia-
tion of the UARS orbit makes possible an extended FF1 calculation. Both eastward and
westward propagating wave variances are depicted as a function of latitude and frequency
for each resolvable zonal wavenumber ( 1-6). Because the variance ficld has been spec-
tral 1y smoothed [ Elsonet al., 1994a] and the amplitude variation with small frequency is
rapid, values within one spectral bandwidth on either side of zero frequency are distorted
and have been omitted. Fig. 2a (wave 1 ) indicates the presence of the diurna signal
which, as discussed above, may be aliased to some extent and large amplitude variances

within a few degrees of the extremes in latitude coverage are possibly artifacts of the
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transform process [Elson and Froidevaux, 1993]. This figure reveals that for small
wavenumbers (large scales) most of the power is present at low frequencies and that most
of these long period disturbances propagate eastward. The latitudinal extent of all distur-
bances is quite limited. The larger wavenumbers show evidence of faster, primarily east-
ward moving peaks with periods as short as about 1,5 days. Calculations of a posteriori
probability, made from estimates of coherency, show that nearly all peaks are statistically
significant at the 90% or greater level. One other month (Aug. 13- Sept. 20, 1992) has
been examined and shows similar behavior for low frequencies but fewer high frequency

variations.

4. Stratospheric Results

4a. Time evolution of zonally-averaged 11,0 .

The zonally-averaged (m=0) fluctuations of H,O during 1991 and 1992 are shown in
Fig. 3 for four different levels in the stratosphere. Several features are prominent in the
data.In the equatorial region, the SAO becomes more visible as one progresses upward in
the atmosphere. At 2 hPa the SAO dominates the pattern between 30° N and 30° S but is
replaced by an irregular annual variation in the polar region. This annual component is
due, in part, to downward motion there [Lahoz et al., 1994]. As high H,O values descend,
concentrations at 2 hPa increase. At low latitudes, there is also evidence of interannual
change at all levels. This is obvious at 46 hPa where there appears to be a trend towards
lower water vapor values. The opposite appears true at 1() and 2 hPa. As noted by Carr et
al., [ 1995] the mixing ratio at 22 hPa shows no overal trend, but does have a variation
that is not annual. Extreme dehydration is evident at 46 hPain August and September of
1992. This is expected because of removal of H,O by ‘1 ype Il polar stratospheric clouds
fe.g. Drdla and Turco, 199 1].
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Another view of the SAO is provided by a time series plot versus altitude at the equa-
tor-. Figs. 4c and 4d show the zonally-averaged MLS H,0 observations, and, in Fig. 4e
the results from a two- dimensional (2-D) model simulation for one year starting on
UARS clay 1 (Sept. 12, 1991). The model is an improved version of that described by
Kinnersley and Harwood [1993] which has a prescribed water vapor mixing ratio at the
60 km (-.2 hPa) level and at the tropopause. The general form of the observations and
model agree, The most obvious differences are in the amplitude of variations, or the dis-
placement of the isopleths in the upper stratosphere, and in the timing of the second max-
imum (June or July in the observations, April or May in the model). The observed ampli-
tudes are larger than the model above about 4 hPa. At 10 hPa the model shows variations

on atime scale of afew months that do not appear in the first 10 months of observations.

4b. Time evolution of zonally-varying H,O .

Fig. 5 shows the absolute value of wavenumber 1 variations, at pressure levels of 46,
10 and 2 hPa. Wave activity is strongest at high latitudes in the fall, winter and spring
months, but occurs in bursts lasting from one to severa weeks. Of the three levels, 10 hPa
exhibits the largest amplitude. Fig. 5 may be direct] y conipared with 1g. 1 of Elson et al.
[ 1994a] which shows m= 1 variations in 0,. The overall structure of variations is similar
for the two species, however an examination of specific events shows that the relative
amp] i tude is often larger in one species than the other. Which spc.tics has the stronger
response depends on factors which influence the concentration. At 2 hPa, 0,is primarily
photochemically controlled and H.,0 is primarily dynamically controlled so that a large
temperature amplitude in the absence of large winds might be expected to produce larger
O, variations. At lower altitudes, where both species are dynamical y controlled, differ-
ences are due to the background (zonally-averaged) distribution of the two species in the

presence of transport. For example, at 46 hPa, the water vapor wave | amplitude is large
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near 60° in May, 1992 (marked with ared arrow in Fig. 5e). The O; amplitude for the
same time and place is small. An examination of a vertical cross section of the zonal
mean of the two species, in Fig. 6, shows why this occurs. The distribution of 0,is not
unusual, with relatively small meridional gradients in this region. The H,O distribution,
however, shows a small anomalous peak near 60° with isopleths nearly perpendicular to
those of O, . The associated increase in meridional gradient equatorward of this feature
means that a zonally - asymmetric meridional wind is more likely to produce meridional
transport, and a zonal asymmetry in the distribution. An examination of National Meteo-
rological Center data shows an enhancement in the meridional wind at this time and
place.

At higher altitudes, water vapor is conserved over a period of several weeks, and can
therefore act as a tracer of atmospheric motions for these time scales. For example, in
Fig. 5 at 2 hPa, the wave 1 amplitudes for days 338-375 show considerable activity near
60°S. During this UARS month, the orbital period was stable enough to allow the calcula-
tion of one set of Fourier coefficients for the entire month. Fig. 7 shows both the zonal
mean and wave 1 variance for a part of the spectrum centered on an eastward 10 day
period . The region near 2 hPa, which shows a peak in the variance, corresponds to the
region which has the largest component of zonal mean gradient in the meridional direc-
tion. Therefore, it is likely that meridional transport is effective at this time and place.
The results for m=2 fluctuations (not shown) are similar in structure to those for m= 1 but

the amplitudes are generally smaller.

5. Discussion

5a. The Upper Troposphere
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The tropospheric variations in zonal mean H, 0O shown above are similar to the HIRS2
results of Susskind [ 1993, Fig. 7b], given the differences in measurement technique and
geometry. The implication from the 3 years of MLS data and 1 year of HIRS2 datais that
the seasonal variations and hemispheric asymmetries depicted are fairly robust features.
Susskind also used HIRS2 data to show that hemispheric asymmetries in the seasonal
variation of zonal mean H,0 are dependent on the longitude range over which the aver-
age was calculated. For example, he found that most of the difference in peak values
between January and July are due to differences in the longitude range from 150° west
eastward to 30° east. Soden and Bretherton [1994] noted substantial differences between
mid- latiu.lde GOES UTH data over this region and SAGE Il (Stratosphere Aerosol and
Gas Experiment) observations which covered al longitudes. Satellite observations of the
location of the intertropical convergence zone {Waliser and Gautier,1 993] also show
hemispheric asymmetries. A global average of 17 years of highly reflective cloud data
bear a striking resemblance to Fig 1.

Departures from zonal symmetry have been detected in several data sets sensitive to
the upper troposphere. Studies have used outgoing longwave radiation (OLR) [e.g. Salby
and Hendon, 1994] as an indicator of cloudy convection and generally show eastward
propagating variances with a wide range of periods and largest amplitudes in wavenum-
bers 1-3. As discussed above, the analysis here does not have the spectral resolution to
characterize the prominent spectra] peaks in the 30-60 day range which are evident in the
OLR data, however the meridional structure of the low wavenumber eastward variance in
Figs 2a-2c¢ is quite similar that seen in low frequency Ol R results. The isolated eastward
peaks near 8 days and about 40°S latitude in Figs. 2a, 2b and 2d are similar to a peak
found by Salby er ul. [ 1991] in Pacific area OLR data, and isprobably indicative of a dis-
turbance with significant amplitude in the western pacific region discussed above. A
period of 8 days is close to that of a spectral peak found by Zangvil and Yanai [ 1980] in

upper troposphere wind data. They attribute this peak to Kelvin waves, partly because of
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the symmetry of the disturbance about the equator. Such an assignment is not appropriate
for the results discussed here.

There have been numerous studies of upper tropospheric variations using wind data.
The general characteristics of wind spectra differ from the water vapor results mainly in
the sub-tropics where the former have larger amplitudes. Zonal wind spectra generaly
show significant amplitude at long (> 15 day) periods with occasional signatures of
shorter period eastward propagating Kelvin waves as mentioned above. Meridional winds
show little long period variation but do show peaks at shorter periods and wavelengths
(e.g. Yanai and Lu, 1983). Unlike the results shown here and OLR data, shorter period
meridional wind variations tend to favor westward propagation. In some cases, the west-
ward propagating disturbances have been identified as mixed Rossby-gravity waves
which have smaller vertical structure (4-8 km) than do eastward propagating Kelvin
waves. It may be that the former are not as easily resolved in MLS data. On the other
hand, OLR and water vapor are related to convection which, although affected by the cir-
culation, is mainly influenced by the hydrologic cycle. Thus winds and water vapor may
be sensitive to different types of disturbances, Salby and Hendon, [ 1994] found this to be

true of the long period oscillations in OLR and wind data.

Sb. The Stratosphere

The 19 months of stratospheric H,O data allow excellent characterization of varia-
tions on time scales of a year or less. Quantitative estimates of long period variations
suech as the QBO, require many years of data for an accurate assessment of their effects.
However, by examining H,O together with O; and theoretical estimates of the circula-
tion, it is possible to draw some conclusions about the QBO and other long period
changes.

Froidevaux et al. [ 1994] suggested that there is evidence of the QBO in MLS
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observations of 46 hPaO5 . Part of this evidence rests with a splitting of the equatorial
field, in the summer and fall of 1992, so that subtropics] values are lower than those on
the equator. This is consistent with a secondary circulation cell which exhibits downward
motion at the equator and upward motion in the subtropics. There is also evidence of this,
albeit much weaker, in the 46 hPa H,0 field (Fig. 3h) in October, 1992. Froidevaux et al.
pointed out that the entire O5 record is consistent with the modulation of equatorial
upwelling with a QBO-like periodicity. However, the trend in H,O at 46 hPa (Figs. 3g
and 3h) is opposite to that of O3 . To investigate this, it is usefulto examine the vertical
variation of the two species.

Figs 4a-4c compare zonally-averaged H,0 and 0O,at the equator versus time. The
vertical displacement of H,0isopleths is much greater than that of O3 , especialy after
September 1992. This cannot be explained solely by vertical motions, or, at lower levels
by chemical sources or sinks. The displacement of isoplcths depends in part on the rela-
tive angle between the wind velocity vector and the gradient in mixing ratio. Since the
H,O gradient has much more of a meridional component than O3 , (see Fig.6) it is more
sensitive to meridional motions than is O,. A quantitative understanding of the role of
meridional transport requires the use of a suitable transport model,

Higher in the stratosphere, interannua effects modulate the SAO. Some measure of
this can be obtained by comparing MLS results with the LIMS observations of 1978/79.
The zonal mean concentration at the equator, shownintig. 4, issimilar to that of L] MS,
shown in Fig. 9- 24 of the WMO report [ 1986]. LIMS results, like the model results in
Fig. 4, show smaller variations at 2 hPa than does M| S. This, coupled with evidence
(Fig. 3) that the amplitude of the SAO decreased significantly after the first year of MLS
observations, suggests that 199 1/1 992 may have been ananomalous year. Further evi-
dence for this conclusion comes from the anaysis of Eluszkiewicz et al.[ 19951 who
found that the SAO in O3 at 2 hPa decreased substantially during the September 1992

through March 1993 time period, athough a stronger SAO appears later in the MLS O,
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record. Ray et al.(1994) pointed out that the relationship between SAO temperature and
O, amplitudes is not easy to understand. At 2 hPa, where the two should be anti-
correlated dueto photochemistry, the phase difference is about one month instead of
three, suggesting that transport may play a role in the O5 distribution. At 10 hPa, Ray et
al. concluded that the residual mean vertical velocity is incapable of accounting for the
O3 distribution through advection of NO, .

A somewhat different conclusion has been reached by Stott and Pardaens [manuscript
in preparation] who found that they could explain the observed meridional structure of
zonally-averaged H,0 in the equatorial stratosphere. They used the UK Universities
Global Atmospheric Modelling Programme GCM which produces time/height results
similar to the 2-D model results in Fig. 4e, except that the phase of the SAO near 1 hPa
agrees more closely with the MLS observations. The amplitude of the displacement of
H.,0 isopleths is quite similar inthe two models and smaller than that of the observa-
tions. Neither model produces a phase variation with height which resembles that of the
observations. This may be partly due to the course (‘5 km) resolution of the MLS
retrievals.

H,0 in the upper stratosphere is produced through the oxidation of methane [Le
Texier et al., 1988]. This process is rapid enough to be observed on time scales greater
than a few months. Since methane is a source of water, one might expect the H,O obser-
vations to show a more rapid increase than decrease at high levels. Such does not appear
to be the case. Whether the distribution of methane and the seasonal variation in its pho-
tochemical destruction can account for some of the behavior discussed above remains to
be determined.

The above discussion leaves open the question of whether the large observed SAO
variations in H,O (relative to models) are caused by an enhanced residual circulation.
Stott and Pardaens suggested that upper stratospheric i nterannual variations seen in the

UGAMP GCM are caused by variations in gravity and Kelvin wave forcing. Clearly
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forcing of the SAO is an important factor in “tuning” models so that they resemble the
observations. Randel et al., [ 1994] reached a similar conclusion by comparing CCM2
simulations with UARS N,O observations. Inclusion of other quasi-conserved species as
tracers in these models will help to constrain them. Methane and nitrous oxide, both mea-

sured by UARS, are good candidates for such a procedure.
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Figure Legends

Figure 1. Time evolution of zonal mean 215 hPa h4LS water vapor (ppmv) a) for
UARS days 20-375 (Oct. 1, 1991 -Sept. 20, 1992), b) for UARS days 380-736 (Sept.
25, 1992- Sept. 16, 1993), c) for UARS days 743- 1095 (Sept. 23, 1993-Sept. 10,
1994) d) for CCM2 model resullts.

Figure 2. Spectrally smoothed wave variance of water vapor (ppmv?) at 215 hPa, as
a function of latitude and frequency for zonal wavenumbers 1-6 [(a)-(f)]. Data from

Jan. 10- Feb. 8, 1993 were used in the analysis.

Figure 3. Time evolution of zonal mean ML.S water vapor (ppmv) at a) 2 hPa for
UARS days 20-375, b) 2 hPa for UARS days 380-582. c) and d) are the same as a)
and b) but at 10 hPa. €) and f) are the same as @) and b) but at 22 hPa. g) and h) are

the same as @) and b) but at 46 hPa.

Figure 4. Equatorial zonal mean ozone (ppmv) versus pressure and time for a) the
first year of MLS measurements smoothed with a 3 day running mean, b) as in a)
but for the second year. c) and d) are the same as @) and b) but for water vapor. €)

shows results from 2-D model calculations.

Figure 5. As in Fig. 3 but for zonal wavenumber | water vapor amplitude (ppmv).

22 hPa results have been omitted.

Figure 6. Zonal mean vaues of water vapor (@) and ozone (b) (ppmv) versus pres-

sure and latitude for May 3-10, 1993.
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Figure 7. @) Zonal mean water vapor (ppmv) versus pressure and atitude for August
and September, 1992 (UARS days 33$-375, , b) asin a) but 10 d:y eastward propa-

gating water vapor variance (ppmv?).
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